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a b s t r a c t

A molecular dynamics simulation study of the steady and dynamic properties of an asymmetric phos-
pholipid bilayer was carried out in the presence of sodium or calcium ions. The asymmetric lipid bilayer
was seen to resemble a cellular membrane of an eukaryotic cell, which was modeled by dipalmitoylphos-
phatidylcholine (DPPC) and dipalmitoylphosphatidylserine (DPPS), placing the DPPS in one of the two
leaflets of the lipid bilayer.

From a numerical analysis of the simulated trajectories, information was obtained with atomic resolu-
tion for both membrane leaflet concerning the effect of bilayer asymmetry on different properties of the
lipid/water interface, such as the translational diffusion coefficient and rotational relaxation time of the
water molecules, lipid hydration, and residence time of water around different lipid atoms. In addition,
information related to lipid conformation, and lipid–lipid interactions was also analyzed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phospholipids play an undoubted role in the function of bio-
logical cells in which they control the diffusion of small molecules
between the interior and the exterior of the membrane, and provide
a suitable environment for other molecules embedded or anchored
in the membrane [1], such as proteins, polysaccharides or choles-
terol. As regards the membrane structure of eukaryotic cells, lipids
are asymmetrically distributed between the inner and the outer
leaflets of the membrane. Thus, phosphatidylserine (PS) lipids are
asymmetrically located in the inner leaflet of the membrane, where
the loss of asymmetry seems to be a hallmark of the early stages
of cell apoptosis [2], whereby apoptotic cells are removed from the
blood stream. Thus, proteins have been reported to bind to exposed
PS molecules on dying cells, some of these molecules bind to PS
directly and some via bridging molecules [3,4].

It is also well known that, under physiological conditions, lipids
in biological membranes interact with aqueous solution containing
different types of ions, for example Na+, K+, Ca2+or Mg2+, monova-
lent cations (Na+ and K+) modulate the properties of the plasma
membrane, whereas divalent ions such us calcium (Ca2+) play an
important role in the mitochondrial membranes [5,6].

Providing insight into this subject with atomic detail, the molec-
ular dynamic (MD) simulations technique has emerged during

∗ Corresponding author. Tel.: +34 968325567; fax: +34 968325931.
E-mail address: javier.lopez@upct.es (J.J. López Cascales).

recent decades as a powerful tool for investigating, the behavior
of phospholipid bilayers [7,8] at molecular level. Many MD sim-
ulations have recently been reported related to the structure and
dynamics of symmetric phospholipid bilayers, where only one type
of phospholipids was distributed on both leaflets of the membrane
[9–17]. In this regard, several MD simulations of symmetric bilayers
in the presence of monovalent ions have been reported: Pandit et al.
[15] studied the effect of NaCl on a dipalmitoylphosphatidylcholine
(DPPC), Sachs et al. [18] studied the effect of monovalent Na+ salts
on a palmitoyl-oleoyl-phosphatidylcholine (POPC), Mukhopadhyay
et al. [17] investigated the effect of Na+ counterions and NaCl
on a palmitoyl-oleoyl phosphatidylserine (POPS) bilayer, Shinoda
et al. [19] presented the interaction between an archeal lipid
diphytanylphosphatidylcholine (DPhPC) with sodium chloride, and
Gurtovenko and Vattulainen [20] shown the effect of NaCl and KCl
on POPC and palmitoyl-oleoyl-phosphatidylethanolamine (POPE)
bilayers. Many studies have been conducted during the last decades
regarding the interaction between phospholipid bilayers and diva-
lent ions. Thus, the effect of Ca2+ on different phosphatidylcholine
(PC) bilayers has been studied using different techniques: MD sim-
ulation [21,22], diffraction method [23–28], calorimetry [29,30], H
NMR [31,5,32,33], interbilayer force measuring [34], infrared spec-
troscopy [6] and particle electrophoresis [35,36].

Nevertheless, the study of asymmetric bilayers remains a topic
of special relevance due to its interest for the field of biological
membranes. In this setting, a model of an asymmetric lipid bilayer
was recently proposed by López Cascales et al. [37], in which DPPS
was asymmetrically distributed on only one of the two leaflets of
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Fig. 1. Atomic numeration of DPPC and DPPS. This atomic numeration is used throughout the paper.

a DPPC bilayer. This model was taken as the starting point for the
studies described in this work.

In the present study, we focus our interest on the effect of the
monovalent and divalent cations, Na+and Ca2+, on the structure of
the lipid/water interface and the rearrangements that take place
in the phospholipid bilayer as a consequence of the presence of
these ions in solution. Thus, different lipid hydration rates on both
sides of the lipid bilayer, lipid–lipid charge bridge formation, lipid
head group orientation, the translational diffusion coefficient and
rotational relaxation time of water on both sides of the membrane
and the translational diffusion coefficient of ions from bulk to the
lipid/water interface were investigated.

Finally with the aim of investigating the real effect of mono-
valent and divalent cations on a phospholipid bilayer, the ion
concentrations have been expressed in normal concentrations (N)
instead of molar ones (M), in order to keep the charge density in
solution constant.1

2. Methods and models

2.1. Setting up the system

Four molecular dynamics simulations were carried out with
atomic detail of a model of asymmetric membrane composed of
DPPC/DPPS in aqueous solution with either monovalent or diva-
lent ions at different concentrations. In addition, a DPPC bilayer in
water was taken as reference to validate the force field used in our
simulations. Thus, the following five simulations were carried out:

1. 288DPPC/9956 water molecules.
2. 216DPPC/48DPPS/48Na+/9908 water molecules, in the absence

of salt. Sodium ions were used to keep the charge balance of the
system.

3. 216DPPC/48DPPS/96Na+/48Cl−/9812 water molecules, corre-
sponding to 0.25N in NaCl.

1 Notice that normality = molarity × charge.

4. 216DPPC/48DPPS/24Ca2+, 9932 water molecules, in the absence
of salt. Calcium ions were used to keep the charge balance of the
system.

5. 216DPPC/48DPPS/48Ca2+/48Cl−/9860 water molecules, corre-
sponding to 0.25N in CaCl2.

To construct the system, we started from a DPPC molecule
(Fig. 1), in which the long molecular axis was oriented perpendic-
ularly to the membrane face (x, yplane). Next, this molecule was
randomly rotated and copied 144 times on both sides of the lipid
bilayer and water was added to fill in the gaps above and below the
phospholipid leaflet, to hydrate the lipid head groups.

The asymmetry of lipid distribution was generated by substitu-
tion of 48 DPPCs in one of the two leaflets by 48 DPPSs (Fig. 1). In
addition, 24 DPPCs of the opposite leaflet were removed in order to
reproduce the area per lipid of a pure DPPC bilayer thus avoiding
any excess in the surface pressure, such as it was described in detail
elsewhere [37]. To balance the net charge associated with the pres-
ence of DPPS, 48 or 24 water molecules were randomly substituted
by Na+or Ca2+, respectively. This number of sodium and calcium
ions must remain constant independently of the salt concentration
to maintain the electro-neutrality of the system, i.e. in presence of
any salt concentration in solution, the total cation number will not
be exactly balanced with anions in solution. To consider 0.25N in
NaCl or CaCl2, additional 96 or 72 water molecules were substituted
(48 Na++ 48 Cl− and 24 Ca2+ + 48 Cl−, respectively). Once the five
starting systems have been generated, a minimization process was
applied to each system to remove the excess of energy associated
to overlaps between neighboring atoms of the system.

The GROMACS 3.3.2 package [38,39] was used to carry out the
molecular dynamics simulations. The force field parameters and
electrostatic charge distribution of the DPPC and DPPS have already
been reported elsewhere [12,14]. In all the simulations the time
step was 2 fs, while a cutoff of 1.0 nm was used for calculating the
Lennard–Jones interactions. The electrostatic interaction were eval-
uated using the Ewald particle mesh method [40,41]. The real space
interaction was evaluated using a 0.9 nm cutoff, and the reciprocal
space interaction using a 0.12 nm grid with a fourth-order spline
interpolation. Simulations were performed using an anisotropic
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Fig. 2. Snapshot of the membrane corresponding to 0.25 N CaCl2. This snapshot was divided into 19 slabs parallel to the membrane, and the origin of the z-axis was placed in
the middle of the lipid bilayer. White beads correspond to calcium ions (Ca2+), yellow beads correspond to chloride ions (Cl−) and red and white sticks correspond to water
molecules. DPPS−are colored red, while DPPC are in green wireframes. Leaflet 1 refers to the leaflet composed only of DPPC and leaflet 2 is composed of DPPC + DPPS, such
as we will refer to through the text. The system was also divided in three generic zones: (A) bulk solution, (B) lipid heads and (C) lipid hydrocarbon tails. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

coupling pressure, in a pressure bath of 1 atm, which allowed the
independent fluctuation of each axis of the computer box. Each
component of the system (i.e. lipids, ions and water) was coupled to
an external temperature coupling bath at 350 K, which is well above
the transition temperatures of 314 and 326 K for DPPC [42,43] and
DPPS [44,45] bilayers, respectively. All the MD simulations were car-
ried out using periodic boundary conditions. The SPCE [46] water
model was used in the simulations. Thus, trajectories of 20 ns length
were simulated for all the cases described above.

Fig. 2 shows a snapshot of the membrane corresponding to 0.25N
in CaCl2, which was generated following the procedure described
above. In these conditions, the systems achieved an equilibrated
state after 5 ns of simulation considering the surface area per lipid
for the DPPC leaflet in absence of DPPS, in 0.25N CaCl2. This result
contrasts with the results presented by Bockmann and Grubmuller
[16], who asserted that a minimum trajectory length of 100 ns is
required to equilibrate the system. Thus, data from the last 15 ns of
simulation were used for analysis.

The dimensions of the periodical computing boxes (X, Y
and Z, in nm) corresponding to the five cases studied above

were the following: (1) (8.79 ± 0.06, 11.52 ± 0.04, 6.96 ± 0.12),
(2) (8.87 ± 0.04, 9.20 ± 0.05, 7.57 ± 0.15), (3) (8.31 ± 0.07, 9.24 ±
0.07, 7.67 ± 0.21), (4) (8.97 ± 0.07, 9.05 ± 0.07, 7.84 ± 0.13) and
(5) (6.89 ± 0.05, 11.58 ± 0.09, 8.00 ± 0.12).

All these simulations were carried out using processors of a par-
allel HP ES 45 cluster Alpha Server.

3. Results and discussion

3.1. Density and surface area per lipid

Fig. 3 displays the atomic density across the phospholipid
bilayers. These figures show how the asymmetry of the system
introduces the expected asymmetry in the atomic distribution on
both sides of the membrane.

The values measured for the surface area of the leaflet formed by
pure DPPC is summarized in Table 1. From these values, we observe
how the surface area agrees with experimental data of DPPC bilay-
ers in pure water [47] at 350 K. It is also observed how salt shrinks
the surface area of DPPC, in good agreement with previous results
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Fig. 3. Density profile across the lipid bilayer: (A) bilayer in pure water with sodium ions as counterions, (B) bilayer in 0.25N NaCl, (C) bilayer in pure water with calcium ions
as counterions and (D) bilayer in 0.25N CaCl2. (©) total density, (�) DPPC density, (♦) DPPS density, (�) NA+density, (∗) Ca2+ density, (�) Cl− density, (×) H2O. The density
profile of a pure DPPC bilayer in water in absence of ions was included as control: (– –) Total density, (· · ·) DPPC density, (–·–) H2O density. Z-axis corresponds to Fig. 2.

of DPPC bilayers in presence of salt [15,18]. Our results show how
the level of shrinking of the surface area of lipids is almost the same
in the presence of NaCl and CaCl2at normal concentrations (N).

3.2. Lipid–lipid interactions

The radial distribution function g(r) is often used to identify
interaction between neighboring atoms. In this regard, the radial
distribution function g(r) is defined as

g(r) = N(r)
4�r2�ır

(1)

where, N(r) is the number of atoms in a spherical shell at distance r
and thickness ır from a reference atom, and � is the number density
taken as the ratio of atoms to the volume of the computing box.

To confirm the possible existence of charge bridges between
neighboring phospholipids, the radial distribution function g(r)
between atoms of different lipids was investigated. Thus, the amino
group NH3 of the DPPS (atom 1, Fig. 1) was assigned as the refer-
ence atom to calculate the radial distribution function, and several
oxygen atoms of the DPPC (as potential charge bridge donors) were
investigated. Fig. 4 depicts the radial distribution function of the
phosphate oxygen (atom 10, Fig. 1), and the carbonyl oxygen group
(atom 16, Fig. 1) around the amino group NH3of DPPS (see Fig. 1).
From the results obtained in Fig. 4, we conclude that the charge
bridges between neighboring lipids are strongly affected by the salt

Table 1
Summary of the molecular dynamics simulation of the lipid bilayer at different ionic
strengths.

System 〈A〉 (nm2) a 〈�〉 (◦) b Hydration number c

Leaflet 1 Leaflet 2 DPPC DPPS

DPPC bilayer 0.703 84.64 84.62
Na+without NaCl 0.680 82.22 80.55 2.06 (1.96) 2.13
Na+with 0.25N NaCl 0.640 80.91 81.65 1.95 (1.90) 1.97
Ca2+ without CaCl2 0.677 90.24 93.94 1.60 (1.70) 1.70
Ca2+ with 0.25N CaCl2 0.664 91.18 93.96 1.54 (1.68) 1.41

a Surface are per lipid corresponding to the leaflet formed only by DPPC.
b Mean angle between the P –N vector of DPPC head group and the outward normal

to the bilayer. Error was estimated to be ∼0.05◦ .
c Hydration number around atom 10 (Fig. 1) of DPPC or DPPS. Numbers in paren-

theses refer to DPPC in the leaflet in the presence of DPPS.

in solution: higher salt concentrations promote bridge formation
between the DPPC oxygen carbonyl and the DPPS amino groups,
while in the absence of salt, the charge bridges with phosphate oxy-
gens prevail over the carbonyl groups. This effect is strongly related
with the fact that higher salt concentrations promote cation pene-
tration into the membrane and hence, the formation of bridges with
carbonyl groups, which agrees closely with the results obtained by
Pandit et al. [15].

3.3. Lipid hydration

To analyze the hydration on both leaflets of the membrane, the
radial distribution function g(r) (Eq. (1)) of water was calculated
around the phosphate oxygen group (atom number 10 in Fig. 1).
From numerical integration of the radial distribution function, the
hydration numbers can be estimated for DPPC and DPPS. In order
to corroborate that the system reached an equilibrated state, we
studied how hydration time around the phosphate oxygen (atom
10). In this regard, we observed again how the system reached for
this property a steady state after 5 ns of simulation.

Fig. 4. Radial distribution function g(r) of phosphate and carbonyl oxygens of DPPC
around the ammonium NH3group of DPPS.
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Table 1 summarizes the hydration number for DPPC and DPPS
for both leaflets of the membrane. From these results, we conclude
that the effect of dehydration is more pronounced in the presence of
calcium than sodium, for both DPPC and DPPS. In the case of DPPC,
it can be seen that the degree of dehydration is almost the same,
irrespective of the membrane leaflet.

3.4. Deuterium order parameter, −SCD

The deuterium order parameter, −SCD, obtained from 2H NMR
measurements reflects the order inside the membrane. This order
is associated with the orientation of the hydrogen of the methylene
groups at various sites on the hydrocarbon chain with respect to
the normal axis to the lipid surface. Since in our simulations we
did not explicitly consider the hydrogens of the methylene groups
(CH2), the order parameter (−SCD) on the i + 1 methylene group
was defined as the unitary vector normal to the vector defined from
the i to the i + 2 CH2 group and contained in the plane formed by
the methylene groups i, i + 1 and i + 2. Thus, the deuterium order
parameter on the ith CH2 can be evaluated by molecular dynamics
simulations using the following definition:

−SCD = 1
2

〈3 cos2(�) − 1〉 (2)

where � is the angle between the unitary vector perpendicular to
the vector from the i to the i + 2 CH2 group and contained in the
plane formed by the i, i + 1 and i + 2 CH2 plane and the z-axis. The
expression in the bracket 〈. . .〉 denotes an average of all the lipids
and times. Hence, note that the −SCD can adopt any value in a range
from −0.5 (parallel to the lipid/water interface) to 1 (oriented along
the normal to the membrane surface).

Fig. 5A and B depict the order parameters of DPPC. Comparison
of the experimental [48] and simulation data for the leaflet in the
absence of DPPS showed good agreement. When the salt concen-
tration increased, the order parameters increased, too, which was
more noticeable in the presence of calcium. This behavior agrees
with previous experimental [6] and simulation data [15] of DPPC
bilayers in the presence of NaCl. This enhancement in the order
parameter of the hydrocarbon tails with ionic strength is consis-
tent with the shrinking of the surface area per lipid, as shown in
Table 1. Hence, an increase in the packaging of lipids leads to an
increase in the order of the lipid tails too.

As regards the order parameters of DPPS, Fig. 5C compares simu-
lation and experimental data [49] for different salt concentrations.
As can be seen, reasonable agreement was only found in pure water
with sodium as counterion. For DPPS, the order parameters follow
a similar trend to those obtained for the POPS−[17] in the presence
of monovalent ions, where the order parameter increased with the
NaCl salt concentration. However, when we looked at the effect of
divalent ions on the order parameter of DPPS, the order parameter
was seen to decrease in the presence of CaCl2, compared with NaCl
to the same normal salt concentration. This difference in behavior
can be associated with the different interactions between neigh-
boring lipids in the presence of calcium or sodium, such as it is
observed from the radial distribution function between carbonyl
oxygens of DPPC and NH3 of DPPS in Fig. 4.

3.5. Lipid head group orientation

To gain insight into the effect of the presence of salt on the lipid
conformation, the lipid head group orientation was measured in
both lipid leaflets. Thus, the angle � formed by the unitary P –N vec-
tor of a lipid head group and the z-axis perpendicular to the lipid
leaflet was measured. Fig. 6 depicts the angular distribution func-
tion f (�) for the DPPC in both leaflets of the membrane as a function
of the salt concentration in solution. Leaflet 1 corresponds to the

Fig. 5. Deuterium order parameters (−SCD) calculated as average of both lipid tails.
(A) DPPC leaflet 1 (B) DPPC leaflet 2 and (C) DPPS. (�) in pure water using Na+ as
counterions, (♦) 0.25N NaCl, (+) in pure water using Ca2+ as counterion, (�) 0.25N
CaCl2. The DPPC order parameters (©) of a DPPC bilayer in pure water was included
as control. Experimental data (∗) of DPPC and DPPS correspond to Refs. [48] and [49],
respectively.

Fig. 6. Angular distribution function f (�) of the angle formed between the P–N vec-
tor of DPPC and the outward normal to the bilayer, on both asymmetric membrane
leaflets. Leaflet 1 corresponds to the lipid layer formed only of DPPCs and leaflet 2
to the lipid layer composed of DPPCs + DPPSs. (· · ·) DPPC in pure water with Na+ as
counterions, (- - -) DPPC in 0.25N NaCl, (—) DPPC bilayer of control in pure water, (–
· ·–) DPPC in pure water with Ca2+ as counterions, (− − · − −) DPPC in 0.25N CaCl2.
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leaflet composed of pure DPPC, while that leaflet 2 corresponds to
that composed of DPPC + DPPS (see Fig. 2). From simulation data,
we conclude that in both leaflets, the lipid head group orientation
follows the same trend as reported by Pandit et al. [15] for a DPPC
bilayer, where the P –N angle remains almost parallel to the surface
of the membrane, � ≈ 90◦, regardless of the salt concentration. As
for the angular distribution function, Fig. 6 shows how the presence
of calcium slightly modified its shape compared with that obtained
in the presence of sodium, although the mean angle 〈�〉 was almost
the same.

3.6. Translational diffusion coefficient

The two-dimensional translational diffusion coefficient Dt,xy can
be calculated from the mean-square-displacement of a certain par-
ticle as

〈x2 + y2〉 = 4Dt,xyt (3)

where x and y are the axes parallel to the membrane face and t the
elapsed time.

Focusing our interest on estimating of the translational diffusion
coefficient of ions and water from bulk solution to the phospho-
lipid/water interface, we sliced the computational box into 19 slabs
parallel to the membrane, see Fig. 2. However, due to their high
mobility, both ions and water passed from one to another several
times. It was not possible to estimate the precise translational dif-
fusion coefficient of water and ions for different positions along the
z-axis of the computing box and only a mean value could be esti-
mated. This problem was circumvented by splitting the trajectory
length into shorter subtrajectories of 10 ps each, and the transla-
tional diffusion coefficient calculated using Eq. (3) was assigned to
the slab at the point where the center of mass (of each molecule)
along the subtrajectory fall.

3.6.1. Ion translational diffusion coefficient
Fig. 7A and B shows the two-dimensional translational diffu-

sion coefficient Dt,xy of calcium and sodium as a function of their
position along the z-axis, such as defined in Fig. 2. A diminution in
the translational diffusion coefficient of Na+and Ca2+in the vicinity
of the water–phospholipids interface can be observed. The transla-
tional diffusion coefficient of sodium falls from 4.34 × 10−5 cm2 s−1

in bulk water, a value in good agreement with the experimental data
of 1.34 × 10−5 cm2 s−1 at 298 K [50] considering the difference in
temperature, to around 0.40 × 10−5 cm2 s−1 in 0.25N NaCl at both
interfaces of the membrane.

For calcium, a Dt,xy of 1.73 × 10−5 cm2 s−1 was measured in
bulk water, again in good agreement with the experimental data
of 1.58 × 10−5 cm2 s−1 reported for calcium at 298 K [50]. Finally,
a Dt,xy of 1.04 × 10−5 and 0.40 × 10−5 cm2 s−1 were measured for
calcium at both membrane interfaces, corresponding to the leaflet
without and with DPPS, respectively, in 0.25N CaCl2.

From the results mentioned above, we conclude that the pres-
ence of asymmetrically distributed DPPS leads to a noticeable
asymmetry in the translational diffusion coefficient of calcium at
the lipid/water interface, but almost no variation in the case of
sodium ions.

3.6.2. Water translational diffusion coefficient
Fig. 7C depicts the two-dimensional translational diffusion

coefficient Dt,xy of water from bulk to the lipid/water interface,
such as defined in Fig. 2. Thus in bulk water, a value of 6.2 ×
10−5 cm2 s−1was measured, which is in good agreement with
the value of 7.9 × 10−5 cm2 s−1measured for single point charge
(SPC) water model [51] at 349 K [52]. Thus a Dt,xy of 0.88 and
0.97 × 10−5 cm2 s−1were measured at the lipid/water interface cor-

Fig. 7. Translational diffusion coefficient Dt,xy profile of ions and water at different
distance from the center of lipid bilayer (zero of the z-axis was placed in the middle
of the lipid bilayer, such as defined in Fig. 2). (A) Calcium, (B) sodium and (C) water.

responding to the absence and presence of DPPS, respectively, in
0.25N NaCl.

On the other hand a Dt,xy of 2.27 and 1.21 × 10−5 cm2 s−1 were
measured for both lipid/water interfaces, corresponding to the
interfaces in the absence and presence of DPPS, respectively, in
0.25N CaCl2.

These results confirm that the so called biological water layer
close to the lipid/water interface shows different behavior depend-
ing on the type of ion involved in solution and the lipid composition
of the membrane.

3.7. Water relaxation time

To gain more precise insight into the dynamic behavior of water
molecules as they relax from bulk to the vicinity of the lipid
interface (see Fig. 2), the reorientational relaxation time of the
water dipole was studied. Dynamic properties can be abstracted
from other correlation functions such as the reorientational relax-
ation time of the water dipole, which can then be related to
dielectric measurements and NMR relaxation times. This relax-
ation process is an example of how water in an arbitrary initial
state approaches equilibrium. The characteristics of this decay are
governed by interactions between molecules and by the type of
motion of the particles in the system. From simulation, the reorien-
tational relaxation time of the water dipole can be described by the
correlation function 〈P1〉, which is defined as 〈P1(t)〉 = 〈cos �(t)〉 =
〈−→� (0) · −→� (t)〉, where −→� is the unitary dipole vector of a water



Author's personal copy

48 R.D. Porasso, J.J. López Cascales / Colloids and Surfaces B: Biointerfaces 73 (2009) 42–50

molecule, and �(t) is the angle subtended by two orientations of
−→� formed as time t elapses. Furthermore, the 〈P1(t)〉 fits a multiex-
ponential, as follows:

〈P1(t)〉 =
3∑

i=1

aie
−(t/�i) (4)

where �i corresponds to each of the correlation times and ai is a
constant of the fit associated with time �i. Note that even when ai

and �i change from fit to fit, a reproducible mean relaxation time
�app can be obtained as follows:

�app =

3∑

i=1

ai�i

3∑

i=1

ai

(5)

where ai and �i are the values obtained from each fit.
Fig. 8 depicts the apparent rotational diffusion time of water

as a function of the z-coordinate in the presence of calcium or
sodium ions. In general, we observe how water slows down at the
lipid/water interface compared with its behavior in bulk as a con-
sequence of the interactions between water and phospholipid head
groups. Thus, �app passes from 2.2 ps in bulk water, which is in good
agreement with the experimental data of � = 2.8 ps from low fre-
quency depolarized Raman spectroscopy (LF-RS) measurements at
340 K [53] in pure water or � = 3.0 ps measured for a SPCE water
model [46] at 350 K from simulation [54], to a range of values from
10 to 23 ps depending of the side and ion present in solution. From
the values of Fig. 8, the same values of �app are obtained for the
leaflet in the presence of DPPS (17 and 19 ps for 0.25N CaCl2and
NaCl, respectively), as for the leaflet formed only by DPPC (10 and
23 ps). From these results, we conclude that the presence of DPPS
makes the dipole relaxation time independent of the type of ion in
solution compared with the leaflet formed only by DPPC, in which

Fig. 8. Water dipole reorientational relaxation time, �app, as function of the z-
coordinate (zero of the z-axis was placed in the middle of the lipid bilayer, such
as defined in Fig. 2). (©) with Na+as counterions in pure water, (�) in 0.25N NaCl,
(♦) with Ca2+as counterions in pure water and (∗) in 0.25N CaCl2.

a difference of 13 ps was measured, depending on the type of ion in
solution.

3.8. Ion-lipid residence time

Fig. 9 depicts the radial distribution function (g(r)) of sodium
and calcium around the phosphate oxygen of DPPC for both leaflets
of the membrane (atom 10, Fig. 1). Based on the height of the peaks
of these coordination functions in Fig. 9, Ca2+is clearly much more
coordinated to phosphate oxygen than Na+, as observed from Fig. 2,
where most of calcium ions penetrated into the region B, corre-
sponding to the lipid heads, preferentially in the leaflet in presence
of DPPS.

To gain insight into the ion coordination to lipids, we studied the
mean residence time of sodium and calcium ions around the phos-

Fig. 9. Radial distribution function of calcium (A and B) and sodium (C and D) around DPPC phosphate oxygen in both membrane leaflets.(©) in water with Ca2+ as counterions,
(�) in 0.25N CaCl2, (∗) in water with Na+ as counterions and (♦) in 0.25N CaCl2.
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Table 2
Residence time (in ps) of sodium and calcium ions around the phosphate and car-
bonyl oxygens of DPPC on both membrane leaflets, in the absence and presence of
DPPS, respectively.

Mean residence time (ps)

Leaflet 1 (DPPC) Leaflet 2 (DPPC + DPPS)

Phosphate oxygen (atom 10, Fig. 1)
Na+ without salt 1.34 4.56
Na+ + 0.25N NaCl 1.85 6.04
Ca2+ without salt 0.91 19.32
Ca2+ + 0.25N CaCl2 1.30 16.60

Carbonyl oxygen (atom 16, Fig. 1)
Na+ without salt 1.23 4.67
Na+ + 0.25N NaCl 1.93 4.25
Ca2+ without salt 0.82 15.78
Ca2+ + 0.25N CaCl2 1.05 15.95

phate and carbonyl oxygens of DPPC (atoms 10 and 16 of Fig. 1),
defined as the average time that a given ion spends in the coordi-
nation shell. Table 2 shows the mean residence time of sodium and
calcium around phosphate oxygen (atom 10, Fig. 1) and carbonyl
oxygen (atom 16, Fig. 1). From these data, it can be appreciated how
the residence time of sodium and calcium remained almost con-
stant for the leaflet in the absence of DPPS. However, in the leaflet
formed by DPPC and DPPS, the residence time noticeably increased
compared with the leaflet formed only by DPPC. Thus, the residence
time of calcium at the DPPC/DPPS interface becomes more than one
order of magnitude greater than in the leaflet formed only by DPPC.

4. Conclusions

The molecular dynamics simulations technique was employed
to study the structure and dynamics of an asymmetric phospholipid
bilayer in its liquid crystalline state, in the presence of monova-
lent or divalent ions. The asymmetric bilayer was generated by two
leaflets, where one was composed of pure DPPC and the another of
a mixture of DPPC and DPPS. From the analysis of the simulated
trajectories, we observed how the asymmetry of the membrane
affects the lipid properties and how these properties are affected
by the type and concentration of ion present in solution. Thus, the
presence of Na+ or Ca2+ in solution produce a shrinking of the lipid
surface. Our results indicated that calcium ions interacted more
strongly with both phospholipids, DPPC and DPPS, than sodium
ions. Thus, this shrinking of the lipid surface (i.e. an increase in
lipid packaging) is reflected by an increase in the order parameters
of the lipid tails, −SCD of DPPC. On the other hand, the presence of
calcium reduces the order parameter of DPPS, which follows a dif-
ferent trend from DPPC in the case of both membrane leaflets. In
this respect, it was observed how the increase in the order of DPPC
is enhanced by the presence of DPPS, independently of the type of
ion present in solution.

The lipid head group orientation is slightly affected by the type
of ion present in solution. The presence of DPPS modifies the shape
of the angular lipid head group distribution function, to an extent
that depends on the type and concentration of the ion present in
solution.

Further to the results discussed above, properties such as
lipid–lipid and lipid-hydration of DPPC were also strongly affected
by the presence of DPPS. These differences between the DPPC of
opposite leaflets were enhanced by the ionic strength of the solu-
tion. In summary, an increase in the salt concentration in solution
asymmetrically perturb the properties of DPPC on both leaflets.
Thus, we conclude that the behavior measured for DPPC in one
leaflet can not be directly correlated with the lipid behavior on the
opposite leaflet.

Regarding the lipid/water interface, we conclude that the
translational diffusion coefficient (Dt,xy) and the reorientational
relaxation time (�app) at the interface diminish with respect to the
bulk water. In addition, it was seen how the asymmetry of the mem-
brane introduces a noticeable diminution in the translational and
the reorientational relaxation time of water in the interface of the
leaflet composed by DPPC + DPPS compared with the opposite one
formed only by DPPC. Such behavior was more strongly affected by
the presence of calcium than of sodium.

Thus, from all the results shown above, we conclude that the
presence of 30% DPPS in one of the two leaflets (similar to the ratio
of charged lipids in a cellular membrane) introduces substantial
changes in the membrane properties, which in turn, are strongly
dependent on the type and concentration of the ions present in
solution.
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